Introduction
External prestressing offers designers the potential to create structures that have a better durability, and that can easily be retrofitted in the case of deterioration, or to increase their capacity. This is a very important characteristic for urban bridges, for which traffic interruptions pose a real problem. Durability problems with existing bridges with internal, non-replaceable prestressing, have led to an increased interest for external prestressing, to the point that it is now the preferred technology in Germany for box girder bridges [15] . External prestressing also holds interesting promises in that it gives more freedom to the designer in the choice of the shape of the cross section. This freedom is essential for an optimal use of very high strength materials.
It is generally thought that a change from internal to external prestressing results in a significant increase in the amount of reinforcement required. Regardless of the respective technological advantages of the two solutions, this paper attempts to provide insight on the quantitative differences that results from the choice of a solution with internal or external prestressing. A comparative study was performed on two realistic models of a five spans continuous single-cell box girder : one with internal and the other with external prestressing. The parameters investigated are the bridge span and the depth of the girder. Only a preliminary design was performed, to determine the amount of prestressing, of flexural reinforcement, and of shear reinforcement. The design was carried in accordance with the current Swiss design codes [13, 14] , but most of the results have a general validity.
The paper highlights the most significant parameters and shows that, in a large number of cases, the use of external post-tensioning does not significantly increase the cost of the structure.
Highway bridge models
An extensive parametric study was performed on a realistic model of a typical highway bridge. The structure is continuous box girder bridge with a constant depth. To minimize the effect of side spans, which have a large influence on the design of the prestressing, the structure has five spans ( fig. 1 ). The tendons are laid out in a classic parabolic shape for the internal prestressing ( fig. 1a ) and in a trapezoidal layout with two deviators in the span for the external prestressing ( fig. 1b) Cross section of the model bridges
The prestressing was determined on the basis of serviceability criteria to reach a level of compensation of deflections of β = 0.8 [10, 11] . This level is represents the amount used in many structures and typically ensures a satisfactory behavior in service. It has the further advantage of being totally independent from codes.
The tendon layout was fine tuned to ensure that the level of compensation of deflections β be identical in all spans. This was achieved by setting the length of the side spans to 85 % of the main spans, and by fine tuning the position of the cable at its lowest point (a p,n in fig. 1 ).
The tendon layout for the external prestressing is trapezoidal with two deviators in the span. While the location λ of the deviators in the span can be chosen by the designer, figure 3 shows that it influences the amount of prestressing required to achieve a desired level of compensation of deformations β. The optimal location for these deviators is at 3/8 and 5/8 of the span. This value can be analytically derived for simple configurations. In the present study, the span deviators are located at 1/3 of the span, which is close to the optimum. The amount of prestressing required to achieve the same level of compensation of deflection with a parabolic cable would be larger. The results presented hereafter are valid within the limits, and for the assumptions of this parametric study, which covers multiple span continuous bridges with a constant depth. The range of spans and girder depths considered includes the majority of structures in that category that may be considered for an application of external prestressing. Bridges with very small girder depths (less than 1.8 m) are typically considered impractical for such applications. Figure 4 shows the required amount of prestressing force as a function of the main bridge span for bridges with internal and external prestressing. As expected, the amount of prestressing increases with increasing spans and span-to-depth ratio. At low values of the span, solutions with internal prestressing require a larger amount of prestressing, mainly because the available cable sag is significantly smaller than for internal prestressing ( fig. 2 ). For larger spans, however, this influence diminishes, and is more than compensated by the reduction in weight caused by the thinner webs. Thus, solutions with external cables require typically less prestressing for a given level of compensation of deflections β for spans exceeding 40 to 60 m (location of the stars in fig. 4 ). Figure 5 shows the same data in a different format: the required amount of prestressing is clearly shown to be lower for the solution with internal prestressing for girder depths smaller than 3 m, and larger above that value. In most cases, these differences are small, and it can be concluded that, from a serviceability point of view, the two prestressing types are very close to one another.
Finally, it must be noted that part of this advantage is due to the more efficient cable layout used for external prestressing. It has been shown above that a trapezoidal cable layout used is more efficient than the usually adopted parabolic layout ( fig. 3 ). Since this layout is very common, it has been nevertheless used for internal tendons in this study.
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P The design of the bridge was then completed to satisfy ultimate limit state safety requirements, according to the present Swiss standards [13, 14] . At this limit state, external tendons have a disadvantage, because they typically cannot reach their ultimate capacity. Taking into account the amount of "serviceability prestressing" determined before, and the minimal reinforcement requirements of the Swiss concrete code, it has been found that bridges with internal prestressing require no additional ULS reinforcement, while bridges with external tendons do ( fig. 6 ). The amount of additional ULS reinforcement increases with the span of the bridge. Is decreases with the stress increase ∆σ at the ultimate limit state, which is induced by large deflections in the final ultimate limit state configuration of the structure. The required additional strength can be provided by mild reinforcement or by increasing the amount of prestressing. It must also be noted that this result is strongly dependent on the code provisions. The amount of minimal reinforcement prescribed in Eurocode [5, 6] is significantly larger than that of the corresponding Swiss code. Hence, almost no additional ULS reinforcement would be needed in this case. Reinforcement required in addition to the prestressing and the minimum reinforcement
The amount of shear reinforcement is not very different for both solutions, as figure 7 shows. Bridges with external prestressing have thinner webs, which decreases dead load but also decreases the web shear resistance. These two effects partially compensate one another, leaving a relatively small advantage to the solution with internal prestressing. 
Conclusions
The parallel design of a typical box girder highway bridge with internal and external tendons has shown that the differences between the two solutions are smaller than anticipated. For small spans, or more appropriately for shallow cross sections (less than about 3 m), the solution with internal tendons leads to a smaller amount of reinforcement, both passive and prestressed. For deeper cross sections, the solution with external tendons requires less reinforcement.
In spite of a disadvantage at the ultimate limit state because of the inability to fully reach the tendons load capacity, the solution with external tendons can be competitive in terms of reinforcement amount. For most practical cases, the difference between the two solutions with internal and external prestressing are small. Thus, the amount of prestressing should not be used as a criterion for the choice of either solution. Instead, the choice should be based on other criteria related to the respective advantages of the two types of prestressing.
